Introduction
Capsicum annum L. belongs to the Solanaceae family along with other crops such as tomatoes, eggplants and potatoes. Their fruits are known as peppers or chilies. Peppers are one of the oldest domesticated crops in the western hemisphere. Peppers are the most widely grown spices in the world and are one of major ingredients in most global cuisines. Economically, peppers are a high value crop in many countries. The top 10 pepper producing countries produced 30.7 and 3.85 million tons of green and dry pepper, respectively, in 2017, and production has dramatically increased over the past decades (Food and Agriculture Organization of the United Nations). The wide variability and genetic diversity of peppers allows the development of new varieties for use in the industry and market [1] . Recently, the genome sequence of C. annum provided more advanced associations between genomic studies and important traits [2, 3] .
Peppers are excellent source of essential vitamins, minerals, and nutrients and, thus, have great importance for human health. Peppers are also rich in a number of phytochemicals such as carotenoids, capsaicinoids, flavonoids, ascorbic acid, and tocopherols. These compounds are known to prevent inflammatory diseases associated with oxidative damages to maintain optimum health. Different pepper varieties show variation in the nutritional composition and level of metabolites [4] [5] [6] . Wahyuni et al. [6] showed great variations in the composition of phytonutrients of 32 capsicum accessions. The amount of proximates, minerals, fatty acids, and amino acids were found to vary significantly among different varieties [4, 7] . Comparative analysis of metabolite compositions have been conducted in a diverse collection of peppers for genetic improvement of metabolic traits, especially health related-compounds [6, 8, 9] .
Even within the same variety, nutritional composition of peppers varies depending on developmental stages, growing regions, and agricultural practices [10] [11] [12] [13] [14] . Pérez-López et al. [14] showed that levels of ascorbic acid, total carotenoid, phenolic, and mineral were affected by the fruit maturation and types of agricultural practice. Capsaicinoid contents were significantly different among cultivars, environments, and by cultivar-environment interaction [15, 16] . The quantity of capsaicinoid was affected more by the genotype than the cultivation region [15, 16] . However, free sugar quantity was more affected by the cultivation region than by the genotype [16] . Comparative metabolite studies in pepper fruits and crop grains by multisite cultivation have suggested that selection of appropriate cultivars and growing regions enables increased metabolites in plants [17] [18] [19] . Although numerous studies of metabolite composition in pepper fruits have reported, they have mainly focused on determining the concentrations of carotenoids, capsaicinoids, vitamins, and phenolic compounds. In contrast, information is limited for other nutritional compositions such as proximates, minerals, amino acids, and fatty acid profiles in pepper varieties [20] . Furthermore, few studies about genotypic and environmental effects on those compounds in pepper fruits are available. Therefore, it is important to identify genotypes and environmental factors that influence the levels of these nutritional compounds in pepper in order to generate baseline information and to select appropriate cultivars and growing regions.
In this study, 12 commercial varieties of pepper were grown at two places in South Korea, Imsil (IS) and Yeongyang (YY), during 2 consecutive years. IS and YY are the representative areas for pepper production localized in the western and eastern region of South Korea, respectively. We analyzed and quantified proximates, minerals, fatty acid profiles, amino acids, capsaicinoids, and free sugars. Statistical methods were performed to determine the relative roles of genotype, environment, and genotype-environment interactions, accounting for the variability in nutrient composition of pepper fruits. This study could explain natural variation in the compositional data of pepper by genotype and environment.
Materials and methods

Plant materials, fruit collection, and sample preparation
Twelve pepper cultivars were cultivated at two sites, Imsil (IS) and Youngyang (YY), in South Korea in 2016 and 2017. At each location, 12 cultivars were planted in May and fruits were harvested in October. All cultivars were planted in two blocks with a strip-plot design. Pepper fruits were collected randomly from each block and pooled together and then oven dried at 55 °C for 30 h. After the stalks, seeds, and placenta were removed from the whole fruits, pericarps were ground with a laboratory mill (Retsch planetary mono mill, PM100) and stored at − 70 °C until the compositional analysis was performed.
All of experiments were conducted in triplicate by collecting three samples from pooled powered samples. Weather data such as temperature, relative humidity, wind speed, and total rainfall were recorded (Additional file 1: Table S1 and Figure S1 ).
Compositional analysis Proximates
Moisture was measured by gravimetric measurement using hot-air oven at 105 °C. Crude fat was analyzed using Soxhlet extraction method [21] while crude protein amount was calculated from total nitrogen content using Kjeldahl method [22] . Ash content was determined by incinerating the sample in a furnace at 600 °C for 22 h to constant weight [23] . Carbohydrates were calculated by 100% minus sum of % protein, % lipid, and % ash. Crude fiber content was determined according to AOAC method 962.09 [24] . Insoluble dietary fiber (IDF) and soluble dietary fiber (SDF) contents were determined by enzymatic-gravimetric methods using amylase, protease, and amyloglucosidase according to the MFDS Food Code 2.1.4.3 [25] .
Minerals
Calcium, magnesium, phosphorus, potassium, sulfate, copper, iron, manganese, sodium, and zinc were determined using inductively coupled plasma optical emission spectrometry (Inegra XL; GBC Co., Melbourne, Australia) according to the MFDS Food Code [26] .
Fatty acids profile
Individual fatty acids were determined according to the AOCS method Ce 1-62 [27] using a Shimadzu GC-2010 gas chromatograph (Shimadzu, Japan) and expressed as % of total fatty acids.
Amino acids profile
Amino acids were analyzed directly after protein hydrolysis using an automatic amino acid analyzer with hydrochloric acid [28] . The sulfur-containing amino acids (cysteine and methionine) were oxidized using performic acid before hydrolysis with 6N hydrochloric acid. The contents of individual amino acids were expressed as % of total protein.
Capsaicinoids analysis
The capsaicinoid extraction was carried out as described by Jeon and Lee [29] with slight modifications; 1.0 ± 0.05 g of red pepper powder sample was extracted with methanol at 70 °C using water bath for 5 h. The extract liquid was filtered (Whatman No. 2, Whatman International Ltd., Maidstone, UK) and filled with methanol to 100 mL. Before analyzing for HPLC, samples were filtered with a 0.45 μm nylon membrane. Capsaicinoids were analyzed using Agilent-1100 HPLC equipped with autosampler and UV-FID detector. Luna C18(2) 100 A column (5 µm, 4.6 × 250 mm, Phenomenex Inc., Torrance, CA, USA) was used and compounds were detected by FID (Exλ = 280 nm, Emλ = 320 nm).
Free sugars analysis
Sugar contents (fructose and glucose) of red pepper powder were analyzed with a simultaneous quantitative method with HPLC-RI according to Won et al. [30] . A ZORBAX carbohydrate column (4.6 mm ID × 250 mm, 5 µm) was used for analysis. The analysis conditions were as follows: mobile phase of 75% acetonitrile, column temperature of 35 °C, sample injection amount of 10 µL and flow rate of 1 mL/min. Standard solutions were isolated without an interfering peak within 30 min, and the calibration curves of standards were confirmed excellent linearity from 0.10 to 1.00% with R 2 ≥ 0.999.
Statistical analyses
Statistical analysis of the data was carried out with SAS Enterprise Guide 7.0. To identify differences among pepper varieties within each location per year and across four environments, the significance probability (p-value) was calculated by one-way analysis of variance (ANOVA). The mean discrimination was performed applying Bonferroni corrected t-tests, and statistically significant differences were determined at the probability level of p ≤ 0.05. The difference in components between two locations or between 2 cultivation years was calculated by paired t-test. Pearson's correlation analysis was conducted with SAS Enterprise Guide 7.0. Hierachical cluster analysis (HCA) and heat mapping were conducted in the MultiExperiment Viewer, version 4.0. The heat map visualization of all the correlation coefficients with Pearson's correlation analysis was performed for correlations between analytes.
Results and discussion
Crop composition is significantly affected by genetics and environmental conditions including rainfall, temperature, soil types, and the interactions between these two factors [19, 31] . To investigate variations in nutritional composition among 12 pepper cultivars, we analyzed data within each location per year to exclude the influence of the environment. This enabled us to assume the variance for components was attributed to genotypes. Statistical analysis demonstrated that most components showed significant variation among 12 pepper cultivars, indicating a clear genotypic effect (Additional file 1: Figures S2-S6 ). The nutritional composition of the 12 pepper cultivars across four environments are presented in Tables 1, 2, 3, 4 and 5 as the mean and ranges. Further, the nutritional compounds across the 12 cultivars were compared by location and year, respectively, in order to determine the effect of the environment on composition (Tables 1, 2, 3, 4 and 5). The random effect of individual varieties, location, year, and the mix of these factors on the nutritional variation was described using the linear mixed model in R statistics (Fig. 1 ). The variation in nutritional components is apportioned between the effects of variety, year, location, interaction of location:variety:year (hereafter referred to as the G × E interaction) and that which cannot be explained by these factors (termed the residual). Then, correlations between the nutrient compositions were determined by the Pearson's correlation and presented by HCA ( Fig. 2 ).
Eight proximate compositions
Moisture, protein, crude fat, carbohydrate, ash, and crude fiber, including SDF and IDF, were measured and/ or calculated for the 12 varieties obtained from IS and YY cultivated during 2016 and 2017. When these compounds were compared among all cultivars within location by year, all of cultivars showed high variance among all varieties except ash (all conditions), protein from cultivars obtained from YY in 2016, and crude fiber from cultivars obtained from YY in 2017 (Additional file 1: Figure S2 ). Table 1 shows combined proximates data obtained from the four environments. Carbohydrates were the major component (~ 60%), followed by IDF (~ 22%), and crude fiber (~ 19%). Crude protein and crude fat were present in similar levels (~ 13%). Ash was present at ~ 9%. SDF was present at the lowest amount (~ 2%). Variation in proximate contents was observed among pepper varieties in previous studies [4, 32] . Statistical significance was observed in moisture, protein, SDF, and IDF among all varieties across four environments, indicating a genetic contribution to the variation in these compounds. The location effect across 12 pepper varieties was significant for moisture, protein, ash, and carbohydrates. All compounds across all 12 pepper varieties were influenced by cultivation year. The results of % variability for proximate from R statistics ( Fig. 1 ) showed that the quantity of ash, crude fiber, moisture, and crude fat were significantly affected by year, the effects of which account for 69.0, 66.3, 59.8, and 41.8%, respectively, of the total variation. The level of SDF (79.1%) and IDF (69.7%) were primarily determined by the G × E interactions. The amount of protein showed the highest variability due to location (50.7%).
Table 1 Eight proximate compositions in the pericarps of 12 capsicum varieties grown across four environments by variety, location, and year
Data are the mean and range (parentheses), expressed as % dry weight NS not significant *p < 0.05; **p < 0.01; ***p < 0.001. The means in the same column followed by the same letter(s) are not significantly different at (p < 0.05) by least significant difference p-value *** *** *** *** *** ** *** **
Ten mineral compositions
Pepper fruits contain many essential minerals. Most minerals showed variation among the 12 pepper varieties produced at the same location by year (Additional file 1: Figure S3 ). Only magnesium of YY 2016, sulfate of IS 2017, copper of IS 2016 and YY 2016, iron of YY 2017, and zinc of YY 2017 did not show variance among the 12 varieties (Additional file 1: Figure S3 ). Mineral content is provided in Table 2 . Potassium is the most abundant mineral, followed by phosphorus, sulfate, magnesium and calcium. Calcium, phosphorus, sulfate, iron, and sodium showed significant difference, while others were not varied among varieties across the four environments. The levels of each mineral across four environments showed a high variation, indicating these compounds are strongly influenced by environmental factors. Previous studies have shown that amounts of minerals in peppers depend on the ripening stage, agricultural practices, genotype, and environments [4, 9, 14, 33] . Consistently, significant variance in mineral compounds was found by location, except potassium, iron, and sodium in this study. The levels of calcium, magnesium, phosphorus, potassium, and copper varied significantly between 2016 and 2017. The results of % variability for minerals ( Fig. 1) 
Ten fatty acid compositions
Lipids and fatty acids compose a small portion of the edible part of peppers. However, they play important roles in the structure of the pepper, which is expected, considering several bioactives, vitamins, and carotenoids are liposoluble. Fatty acid composition is observed differentially in different pepper fruit components [14] . Linoleic acid is very highly concentrated in the seed while linoleic, linolenic, and palmitic acids are the major fatty acids in the pericarp [34] . In our study, only pericarp tissue was used for analysis. Most fatty acid compositions showed variation among 12 pepper varieties produced at same location per year. Only linoleic acid of YY 2016 and behenic acid of IS 2017 and YY 2017 did not show significant variance among 12 varieties (Additional file 1: Figure  S4 ). Table 3 shows the percentage composition of fatty acids of pepper pericarp. The results showed that linoleic acid is the major compound, followed by palmitic, linolenic, oleic, myristic, and steric acids. Lauric, palmitoleic, arachidic, and behenic acids were present in traces. Most fatty acids were significantly different among varieties across the four environments, with the exception of lauric, myristic, and behenic acids. The location effect was significant for all the fatty acids except palmitoleic and behenic acids. All the fatty acids, with exception of lauric, myristic and linoleic acids, varied significantly by year. The genotypic effect on fatty acid composition of capsicum has previously been reported [4] . A few studies of environmental and the G × E interaction effects on fatty acid composition of pepper are available. In our study, further statistical analysis suggested that genotype and the G × E interaction primarily determined levels of all fatty acids measured. The results of % variability for fatty acids (Fig. 1) showed that palmitoleic and linolenic acids were highly affected by year, accounting for 72.2% and 66.5% of the variation, respectively. Myristic and lauric acids were affected by location, the effect of which accounts for 51.3% and 35.6% of the variation, respectively. Myristic and lauric acids were influenced by G × E interactions, accounting for 31.7% and 25.8% of the variation, respectively. Linoleic (63.7%) and oleic (52.2%) acids were also highly affected by G × E interaction. Arachidic acid was mainly affected by G × E interaction (55.4%) but also showed a location effect (24.9%). Palmitic, stearic, and behenic acids were affected by genotypes, location, year, and G × E interactions in similar proportions. Notably, palmitic, stearic, behenic, and oleic acids were one of top ranked traits influenced by genotype.
Eighteen amino acid compositions
We analyzed 18 amino acids profiles in pepper pericarps and expressed as % composition to total protein. Most amino acid compositions showed variation among 12 pepper varieties produced in same place by year (Additional file 1: Figure S5 ), with exception of alanine, aspartic acid, glycine, leucine, methionine, tyrosine, and valine p-value *** *** *** *** produced in YY 2016. This result suggests a genotypic effect on these compounds was not expressed in the YY 2016 environment (Additional file 1: Figure S5 ). Table 4 shows the percentage composition to total protein of 18 amino acids in 12 pepper varieties. The main amino acids were glutamic acid and aspartic acid, followed by proline, serine, leucine, alanine, arginine, valine. The contents of methionine, cysteine, tyrosine, tryptophan, isoleucine, and lysine were low. Significant differences were observed in arginine, cysteine, glutamic acid, glycine, phenylalanine, proline, and serine content among 12 varieties across four environments. The location effect was significant for all amino acid except glutamic acid and proline. All amino acids displayed significant difference by year, with the exception of alanine, aspartic acid, glycine, isoleucine, serine, and threonine. The results of % variability for amino acid (Fig. 1 ) showed that serine, leucine, methionine, valine, phenylalanine, isoleucine, cysteine, and lysine were highly affected by growing regions ranging from 74.6 to 45.7%. Tryptophan (67.6%), tyrosine (65.6%), histidine (43.2%), and threonine (42.5%) variation was mainly explained by the year effect. Alanine, proline, aspartic acid, glutamic acid, and glycine were affected by the G × E interaction ranging from 62 to 39.7%. The content of arginine varied by genotype, year, location, and the G × E interaction with similar proportions.
Capsaicinoid and free sugar compositions
Capsaicinoids are a group of alkaloids that contribute to pungency. Peppers are a popular food ingredient worldwide due to their heat characteristics. Capsaicin and dihydrocapsaicin are the major capsaicinoids, constituting approximately 90% of total capsaicinoids in pepper fruits [35] . Capsaicinoid content in fruit is influenced by several factors such as genotype, geographical location, fruit development, and environmental stresses [15, 17] .
In our study, capsaicinoids were highly variable among 12 varieties grown in IS 2016, IS 2017, and YY 2016 (Additional file 1: Figure S6 ). The range of capsaicin and dihydrocapsaicin in an individual variety is very broad. In nearly all varieties, capsaicinoid content was higher in peppers produced from IS than YY both years (Additional file 1: Figure S6 ). The amount of capsaicinoid in the 12 varieties was dramatically higher in peppers produced from IS 2017 than those from IS 2016, while it was similar between YY 2016 and YY 2017 (Additional file 1: Figure S6 ). However, levels of capsaicin and dihydrocapsaicin were not significantly different among 12 varieties across four environments ( Table 5 ). It is likely that the high increase in capsaicinoids varieties from IS 2017 has influenced the disappearance of variability among the varieties. For example, JSN, AJB, and PJDG showed lower capsaicinoid levels compared to other varieties in IS 2016 and YY 2016. However, their capsaicinoid contents were ~ eightfold higher in peppers grown in IS 2017. In alignment with this observation, capsaicinoid content showed significant differences between sites and years, respectively ( Table 5 ). Previous reports [15, 17, 36] showed that variations in capsaicinoids were the result of environmental differences including location, soil type, solar radiation, and precipitation. It was suggested that choosing the appropriate combination of environment and genotype is an important factor to produce suitable nutritional trait. The concentration of free sugars is one of the components, along with organic acids, that determine fruit flavor attributed to sweetness in the red mature stage of pepper fruit [37] . Both fructose and glucose composition differed by year in varieties when plants were grown in the same place (Additional file 1: Figure S6 ). The level of fructose across all samples was higher than that of glucose (Table 5) Fig. 1 Variability proportion affecting on natural variation in analytes. Variability of each analyte explained by the location effect was used to order analytes on the X-axis (from the highest to the lowest) 11.6 to 22.1 and 5.0 to 14.6, respectively. Jarret et al. [5] showed the great diversity of free sugars within the C. chinense gene pool. Further, free sugar quantity was affected by pepper cultivars, fruit maturation, cultivation region, and year in Korea [10, 16, 38] . The contents of fructose and glucose across varieties were higher in peppers produced from IS than those of YY and both compounds significantly varied by year ( Table 5 ). The results of % variability for capsaicinoids and free sugars from R statistics ( Fig. 1) showed that they were affected significantly by location, G × E interaction, and year. The location effect for capsaicin, dihydrocapsaicin, fructose, 
